ABSTRACT | The role of Nrf2, a key regulator of antioxidant and cytoprotective genes, in tumorigenesis remains controversial. Here we showed that Nrf2 deficiency led to increased local tumor growth in mice following subcutaneous injection of B16-F10 melanoma cells, as indicated by increased proportion of animals with locally palpable tumor mass and time-dependent increases in tumor volume at the injection site. In vivo bioluminescence imaging also revealed increased growth of melanoma in Nrf2-null mice as compared with wild-type mice. By using a highly sensitive bioluminometric assay, we further found that Nrf2 deficiency resulted in a remarkable increase in lung metastasis of B16-F10 melanoma cells as compared with wild-type mice. Taken together, the results of this short communication for the first time demonstrated that Nrf2 deficiency promoted melanoma growth and lung metastasis following subcutaneous inoculation of B16-F10 cells in mice.
INTRODUCTION
The nuclear factor E-2 related factor 2 (Nrf2) is best known as the chief regulator of antioxidant, antiinflammatory, and cytoprotective genes, including those encoding phase 2 enzymes that are involved in detoxifying many chemical carcinogens [1] . In this context, Nrf2 signaling was shown to play an important role in protecting against chemical carcinogenesis in a number of animal models [1] [2] [3] . In contrary, sustained activation of Nrf2 via genetic and/or other approaches was found to promote spontaneous carcinogenesis in multiple animal models [4] [5] [6] . It has been thus suggested that Nrf2 signaling may protect against cancer cell initiation by chemical carcinogens, but promote tumorigenesis once the initiation occurs. However, this notion was not supported by studies showing that targeted deletion of Nrf2 reduced urethane-induced lung tumor development in mice [7] and that Nrf2 knockout enhanced intestinal tumorigenesis in Apc min/+ mice due to attenuation of anti-oxidative stress pathway [8] . Hence, the exact role of Nrf2 signaling in tumorigenesis remains controversial and appears to be influenced by diverse factors, including the type of chemical carcinogens and the type of cancers as well as the physiological and pathophysiological conditions of the host. To further investigate the role of Nrf2 in tumorigenesis, in this study, we determined the impact of Nrf2 deficiency on local growth and lung metastasis of melanoma following subcutaneous inoculation of B16-F10 melanoma cells in mice.
MATERIALS AND METHODS

Materials
The luciferase-expressing B16-F10 melanoma (B16-F10-luc-G5 Bioware® Ultra) cells and luciferin were obtained from PerkinElmer (Waltham, MA). Dulbecco's modified Eagle's medium (DMEM), penicillin, streptomycin, fungizone, fetal bovine serum (FBS), zeocin, and phosphate-buffered saline (PBS) were from Thermo Fisher Scientific (Grand Island, NY). Cell culture flasks and other plasticwares were from Corning (Corning, NY). Adenosine triphosphate (ATP) and other chemicals and reagents of analytical grade were purchased from Sigma-Aldrich (St. Louis, MO).
Cell Culture and Sample Preparation
The B16-F10-luc-G5 cells were cultured in DMEM supplemented with 10% FBS, 100 units/ml of penicillin, 100 μg/ml of streptomycin, and 0.25 µg/ml of fungizone at 37°C in a humidified atmosphere of 5% CO 2 . For zeocin selection, the B16-F10-luc-G5 cells were cultured in the above medium in the presence of zeocin (0.25 mg/ml) for 1 week. For cell homogenate preparation, a known number of the cells were lysed in 25 mM phosphate buffer (pH 7.8) containing 2 mM ethylenediaminetetraacetic acid (EDTA), 2 mM MgSO 4 , and 0.1% Triton X-100, and the cell lysate was kept on ice for bioluminescence measurement within 2 hours or stored at -90 o C for subsequent measurement within 2 months.
Animals and Treatment
Nrf2-null C57BL/6 mice were obtained from Jackson Laboratory (Bar Harbor, ME). Male Nrf2-null and wild-type mice at the age of 7-8 weeks were used in the experiments. These mice were housed in an institutional animal research facility with a light period from 6 am to 6 pm. Purified AIN-93G chow (BioServ, NJ) and water were available ad libitum. All mice were allowed to acclimate for at least one week prior to the experiments.
For studying melanoma growth and lung metastasis, each of the Nrf2-null (n = 11) and wild-type (n = 10) mice was injected subcutaneously with 1 × 10 ROS measured at days 3, 7, 11, 14, and 17. The tumor size at the injection site was estimated by measuring the width, length, and height of the tumor mass using a caliper, and the volume was calculated using the formula of volume = 0.5 × (width × length × height) with the unit being cm 3 . On day 17, all mice were euthanized, and the lungs were collected for examination of surface foci formed by B16-F10 melanoma cell metastasis. After photographing, the entire lungs were homogenized in 1 ml of 25 mM phosphate buffer (pH 7.8) containing 2 mM EDTA, 2 mM MgSO4, and 0.1% Triton X-100, and the homogenates were kept on ice for bioluminescence measurement. The animal procedures were approved by the Institutional Animal Care and Use Committee in compliance with the pertinent U.S. Federal policy.
In Vivo Bioluminescence Imaging
The in vivo imaging experiment was performed with a Berthold Night Owl LB 981imaging system (Wildbad, Germany) following subcutaneous infusion of luciferin (100 µg/ml) and ATP (0.5 mM) in a volume of 50 µl at the site of the initial injection of B16-F10 cells in both Nrf2-null and wild-type mice. The images were acquired at room temperature for 5 min and analyzed using the WinLight32 software. The final tumor images were created by overlaying the bioluminescence images on top of the photos of the respective animals.
Bioluminometric Quantification of Melanoma Cell Load in the Lungs
Bioluminescence was measured with a Berthold multi-channel LB 9505C luminometer (Wildbad, Germany) at 37 o C for 5 min in a clear plastic tube filled with 1 ml of 25 mM phosphate buffer (pH 7.8) containing 2 mM EDTA, 2 mM MgSO4, and 0.1% Triton X-100, in the presence of luciferin (100 µg/ml) and ATP (0.5 mM). The reaction was started by adding cell or tissue samples to the above reaction mix. The luciferase/luciferin-derived bioluminescence intensity was expressed as integrated responses (total counts of photon emission) over the above 5 min. The melanoma cell load per mouse lungs was deter 
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mined by using a concurrently run standard curve of known numbers of B16-F10 cells as described previously [9] .
Statistical Analyses
All data are expressed as means ± SEM with an n of 10 or 11 unless otherwise indicated. Differences between the mean values of the Nrf2-null and wildtype mice were analyzed by the t-test. The percentage (proportion) differences between Nrf2-null and wild-type mice were analyzed by the chi-square test. Statistical significance was considered at p < 0.05.
RESULTS
Nrf2 Deficiency and Melanoma Growth
The body weight changes between Nrf2-null and wild-type mice during the period of the experiment were not significantly different. The body weigh was increased by 14.6% and 15.5% between day 0 and day 17 in Nrf2-null and wild-type mice, respectively (Figure 1) . Between day 0 and day 7, no palpable tumor mass was noticed in either Nrf2-null or wildtype mice. However, on day 11, all of the 11 Nrf2-null mice had palpable tumor mass at the injection site, whereas only 4 out of the 10 wild-type mice had palpable tumor mass (p < 0.05). All wild-type mice along with the Nrf2-null mice had palpable tumor mass on days 14 and 17 (Figure 2A) . On day 17, 2 of the 11 Nrf2-null mice were dead and none in the wild-type group was dead ( Figure 2B ), but this difference was not statistically significant (p > 0.05).
In both Nrf2-null and wild-type mice the tumor volume increased remarkably between day 11 and day 17 ( Figure 3A) . The volume of tumor mass at the injection site in Nrf2-null mice was 4.1 and 3.3 times larger than that in wild-type mice on day 11 and day 14, respectively (p < 0.05). There was no statistical difference in tumor volume between Nrf2-null and wild-type mice on day 17 ( Figure 3A) . In vivo bioluminescence imaging also showed a remarkable increase in tumor growth in Nrf2-null mice as compared with wild-type mice on days 11 and 14. A representative in vivo image on day 11 was shown in Figure 3B. 
Nrf2 Deficiency and Lung Metastasis
All mice from both Nrf2-null and wild-type groups were euthanized on day 17 for examination of lung foci, and none showed the formation of surface foci of B16-F10 cells (data not shown). Quantification of the total melanoma cell load in the mouse lungs was performed using a highly sensitive bioluminometric assay based on a concurrently run standard curve ( Figure 4A) . As shown in Figure 4B , the mean melanoma cell load per mouse lungs was 30,788 and 1,570 B16-F10 cells in Nrf2-null and wild-type mice, respectively (an approximately 20-fold increase in Nrf2-null mice compared with wild-type mice; p < 0.05). 
ROS
DISCUSSION
Nrf2, the chief regulator of cellular antioxidant and phase 2 defenses, is suggested to act as a doubleedged sword in cancer development. On the one hand, Nrf2 activation may protect against chemically induced cell initiation, thereby preventing chemical carcinogenesis. On the other hand, by increasing antioxidant defenses and altering cellular redox status, Nrf2 signaling seems to promote tumorigenesis, thus acting as a potential proto-oncogene. In this regard, antioxidants have been shown to promote cancer growth and metastasis in certain animal models [10, 11] . In line with this notion, reactive oxygen species (ROS) or ROS-enhancing chemicals have been shown to be effective in cancer treatment in both animal models and human studies [12] [13] [14] . Cancer cells typically produce elevated levels of ROS and also are more susceptible to oxidative stress than normal cells, and this explains, at least partially, why ROS-enhancing agents possess anticancer activity to some extent. Increasing antioxidant defenses via Nrf2 signaling in cancer cells would reduce cellular ROS levels, thus providing a more favorable environment for cancer cell proliferation. Although this notion is conceptually sound, the exact role of Nrf2 signaling in tumorigenesis remains controversial and different studies yielded different, if not opposite, conclusions. Hence, additional studies under various conditions are warranted to further understand the complexity of the Nrf2-tumorigenesis phenomenon.
This study aimed to investigate the role of Nrf2 signaling in influencing melanoma growth and lung metastasis using Nrf2-null mice. Melanoma is one of the most metastatic cancers, and B16-F10 melanoma cell line has been widely used to study melanoma growth and metastasis in animal models [15] [16] [17] [18] . In this regard, intravenous inoculation of B16-F10 cells is a commonly used approach to creating lung metastasis in C57BL/6 mice [15] [16] [17] [18] . However, this procedure does not mimic the natural metastasis of melanoma from the skin to distant organs, including the lungs. Hence, in this study, we investigated the impact of Nrf2 status on the growth and lung metastasis of B16-F10 cells following subcutaneous injection of the cancer cells.
We also applied a recently developed highly sensitive bioluminometric assay [9] to determine lung metastasis by quantifying the melanoma cell load in mouse lungs following subcutaneous inoculation. Our results demonstrated for the first time that Nrf2 deficiency significantly promoted the growth of subcutaneously inoculated B16-F10 cells as indicated by increased proportion of animals with locally palpable tumor mass and time-dependent increases in tumor volume at the injection site. In vivo bioluminescence imaging also revealed increased growth of melanoma in Nrf2-null mice compared with wild-type mice. Notably, Nrf2 deficiency resulted in a ~20-fold increase in melanoma cell load in the lungs as compared to the wild type genotype.
It remains unclear why Nrf2 deficiency promotes melanoma growth and lung metastasis. A possible mechanism could be related to the dysregulated im- ROS munity in Nrf2-null mice [19] . In this context, growth and metastasis of melanoma are particularly influenced by the immunity of the host. Indeed, immunotherapy with antibody blockage of CTLA-4 (an inhibitor of T cell immunity) or PD-1 (a checkpoint protein on T cells) has recently emerged as a promising strategy for treating advanced melanoma in humans [20] [21] [22] . As indicated earlier, a role for Nrf2 in modulating immunity has been reported in early studies [19] . A more recent study suggested that Nrf2 activation enhanced anticancer immunity [23] , which might explain why Nrf2 deficiency promoted the growth and metastasis of melanoma, a type of cancer that is heavily influenced by the immune status of the host.
In summary, results of this short communication contribute to our current understanding of the complex role Nrf2 plays in influencing the susceptibility to tumorigenesis. Studies are currently underway to investigate the impact of pharmacological activation of Nrf2 signaling on melanoma growth and metastasis and the involvement of Nrf2-regulated immunity in the process.
